Introduction
============

In microbial fuel cells, microorganisms catalyze the direct conversion of chemical energy into an electrical current. This ability can be used in a variety of biotechnological processes like wastewater treatment or the production of platform chemicals. The biocatalytic microorganisms of this process are characterized by the ability to transfer respiratory electrons to the cell surface and subsequently onto solid state electron acceptors like for instance ferric iron minerals or, as a synthetic variant, an anode surface ([@B21]; [@B16]; [@B14]).

*Shewanella oneidensis* (MR-1) and *Geobacter sulfurreducens* (PCA) are the two main model microbes for exploring molecular mechanisms of extracellular electron transfer (EET) ([@B22]; [@B29]; [@B4]). The pathway of electron flow toward the extracellular space is similar in MR-1 and PCA ([@B28]). Both organisms are Gram-negative, which means that respiratory electrons are transported from the cytoplasmic membrane through the periplasm and across the outer membrane in order to be transferred onto insoluble electron acceptors like metals, iron minerals or an anode ([@B29]; [@B4]; [@B10]). *C*-type cytochromes with multiple heme centers are the players in this process and electron transfer through the outer membrane is conducted via a three-protein complex consisting of one cytochrome on the periplasmic side and a second, surface-oriented cytochrome on the cell surface. An integral β-barrel protein connects the two cytochromes which leads to a *trans*-outer membrane porin-cytochrome complex ([@B32]; [@B9]; [@B10]). Several mechanisms of terminal electron transfer from the outer membrane cytochromes (OMCs) to the electron acceptor were proposed. This includes either direct contact of enzymes and acceptor ([@B32]; [@B29]), reduction via conductive extracellular appendages (so called nanowires) ([@B26]; [@B13]; [@B19]; [@B25]) or mediated transfer through the reduction of electron carriers \[usually small, low-weight, soluble redox molecules (e.g., phenazine and quinones)\] in a process termed electron shuttling ([@B17]; [@B23]).

The precise role of shuttles in EET is still under debate. Currently, researchers operate with two hypotheses. The first hypothesis acts on the assumption that indirect EET via shuttling compounds is a major factor in MR-1 and electron transfer in PCA exclusively depends on direct interaction with the electron acceptor. Evidence for this is especially based on results from BES experiments with supernatant exchange. Here, after the replacement of spent with fresh medium, MR-1 exhibits a prompt current drop and only starts to produce current after a lag phase -- whereas an exchange of the supernatant of PCA cultures impacts current production only negligible ([@B5]; [@B20]; [@B24]). Furthermore, Gralnick and colleagues demonstrated that in MR-1 EET is based on self-secreted redox-active compounds to around 80% and the electron carriers were determined to be flavins, namely riboflavin (vitamin B~2~) and flavin mononucleotide (FMN) ([@B20]; [@B6]; [@B15]). However, compared to other redox mediators like humic acids or phenazines, flavins enhance EET much faster and at lower concentrations ([@B20]). Presumably, the role of flavins can be expanded from an electron shuttle to a cytochrome-bound cofactor that enhances the kinetics of electron transfer much faster than as a shuttling compound. Hence, the second hypothesis on the role of flavins in EET relies on a binding of flavins to the OMCs as cofactors and by this suggests a similar mechanism for both organisms. The species-dependent binding affinities of OMCs from MR-1 and PCA to flavin provide an explanation for the electrochemical differences between MR-1 and PCA in the above-described medium exchange experiment, as they seem to bind much stronger to PCA OMCs compared to the ones of MR-1 ([@B33]; [@B1]).

In experiments based on the reduction of insoluble electron acceptors like metals, redox shuttles are often added in micromolar concentrations. However, natural secretion of flavins by MR-1 is much lower and seems to be dependent on various factors like growth phase, medium, electron acceptors, the BES setup and other experimental conditions. Already in [@B20] showed that riboflavin accumulates in the supernatant of 4-day-old biofilms in concentrations of 250 to 500 nM ([@B20]). Other groups measured only 25 nM flavin in the bulk solution and a change of the BES setup resulted in a different concentration of riboflavin ([@B31]; [@B34]; [@B18]). Independent of the natural concentration, the artificial addition of riboflavin has stimulatory effects in a BES and this seems to be linearly dependent on the riboflavin concentration in a certain concentration range. Consequently, several groups tried to raise the riboflavin concentration either via genetic engineering of MR-1 itself or via co-culturing with other riboflavin producing strains ([@B34]; [@B18]). Still, from an application point of view, although bioelectrochemical systems (BESs) are perfectly suited for continuous biofilm based biotechnological production, the constant stream of fresh media over the biofilm would result in a continuous wash out of flavin compounds. Hence, neither the exogenous addition of soluble flavins nor the endogenous overproduction seem to be key strategies to enhance biotechnological production or consumption rates.

The aim of this research was to study the application of a recyclable electron shuttle and its effect on current production in a BES in order to overcome disadvantages and limitations of flavin addition such as losses by washing out or high process costs. Therefore, riboflavin was coupled to magnetic beads and the effects on current production in MR-1 as well as their stability and recyclability were investigated.

Materials and Methods {#s1}
=====================

Strains and Media
-----------------

All strains used in this study are listed in [Table 1](#T1){ref-type="table"}. *S. oneidensis* barcode is a strain that was developed by [@B11]. It contains a 72 bp synthetic genomic integration that can be used for the quantification of cells via quantitative PCR (qPCR, see below). The *gfp* strain constitutively expresses a *gfp* gene and was used for fluorescence microcopy ([@B30]). All strains were pre-cultured under oxic conditions in LB medium at 30°C. Cells were then transferred into anoxic minimal medium containing 12 mM HEPES buffer, 70 mM lactate as electron donor and 100 mM fumarate as electron acceptor. Furthermore, the medium contained (per liter): 0.221 g K~2~HPO~4~, 0.099 g KH~2~PO~4~, 0.168 g NAHCO~3~, 1.189 g (NH~4~)~2~SO~4~, and 8.77 g NaCl supplemented with 1 mM MgSO~4~, 0.1 mM CaCl~2~, 1 g casamino acids, and trace elements (5 μM CoCl~2~, 0.2 μM CuSO~4~, 57 μM H~3~BO~3~, 5.4 μM FeCl~2~, 1.3 μM MnSO~4~, 67.2 μM Na~2~EDTA, 3.9 μM Na~2~MoO~4~, 1.5 μM Na~2~SeO~4~, 5 μM NiCl~2~, and 1 μM ZnSO~4~). The pH was adjusted to 7.4 and all bottles were sealed with rubber stoppers. Prior to autoclaving, oxygen was removed from the medium via the repeated application of a vacuum and following sparging of the headspace with N~2~. Before inoculation into bioelectrochemical reactors, the cells were harvested by centrifugation (5 min, 6000 g) and washed twice with medium containing neither electron donor nor electron acceptor. Thereafter, the cells were resuspended to an OD~600~ of 0.07 in medium containing 70 mM lactate but no electron acceptor. The *gfp*-strain was cultivated with the addition of kanamycin (50 mg L^-1^) and L-rhamnose (2.2 g L^-1^) for plasmid maintenance and continuous eGFP expression, respectively.

###### 

Strains used in this study.

  Strain                                   Source or reference
  ---------------------------------------- ---------------------
  *Shewanella oneidensis* MR-1 wild type   DSMZ
  *Shewanella oneidensis* MR-1 barcode     [@B11]
  *Shewanella oneidensis* MR-1 *gfp*       [@B30]
  *Shewanella oneidensis* MR-1 ΔOMC        [@B7]
                                           

BES Experiments
---------------

All bioelectrochemical experiments were conducted in triplicates using a single chamber MFC with a working volume of 270 ml ([@B8]). Graphite felt (projected area of 36 cm^2^, SGL Group, Germany) and platinum mesh (projected area of 1.25 cm^2^, chemPUR, Germany) were used as anode and cathode material, respectively, and an Ag/AgCl electrode (Sensortechnik Meinsberg, Germany) was used as reference electrode. Before use, the anode was first rinsed with isopropanol, followed by deionized water. The complete bioelectrochemical setup was sterilized by autoclaving. During chronoamperometric experiments, the working electrode was poised to 0 mV vs. SHE using a potentiostat (Pine Instruments, United States) and current was monitored for 46 h. BES were constantly flushed with N~2~ gas in order to provide anoxic conditions and constant mixing of the liquid phase.

Magnetic Beads Preparation and Determination
--------------------------------------------

The magnetic beads (PureCube MagBeads; Cube Biotech, Germany) used in this work are spherical magnetic agarose beads, consisting of 6% cross-linked agarose. The beads were synthesized by the company as a solid phase-based material via EDC/NHS-mediated coupling for covalent modification. A riboflavin-modified epoxide function was coupled to the magnetic agarose with three different alkane carbon chains with a respective chain length of 4 (C4), 11 (C11), and 40 (C40) carbon atoms. An alternative, glycine-modified epoxide function was used as a control and is from here on referred to as *glycine-coupled beads*. The beads had an average particle diameter of 25 μm and were stored in a 25% (w/v) suspension in 100% isopropanol. Prior to usage, the beads were rinsed three times with sterile medium without electron donor and acceptor as stated above.

The number of beads was quantified using a Neubauer chamber (Roth, Germany). The recovering process from the anolyte of the BES was performed using a magnetic separator and the recovery efficiency was calculated based on the difference between particle number added before the bioelectrochemical experiments and after the recovering process at the end of the experiments.

Riboflavin Quantification
-------------------------

Riboflavin was decoupled from the beads chemically by adding 100 mM NaOH for 30 min. The beads were then separated from the riboflavin solution using a magnetic separator. Riboflavin was quantified using a plate reader (Infinite Pro M200 Tecan, Switzerland) at 440 nm ([@B3]). The riboflavin concentration was determined based on a calibration curve. Several dilutions of a riboflavin solution in 100 mM NaOH with concentrations ranging from 0.5 to 10 μM were prepared as standards.

DNA Isolation and Quantitative PCR (qPCR)
-----------------------------------------

Genomic DNA isolation as well qPCR based cell quantification were conducted according to [@B11].

Binding of Riboflavin to OMCs
-----------------------------

Wild type and ΔOMC cells were pre-grown, harvested and centrifuged for 5 min at 6000 g. The optical density was adjusted in minimal medium with 50 mM lactate as electron donor and 10 mM fumarate as electron acceptor to OD~600~ of 1. 1 ml of cells was mixed with 100 μl of beads (coupled to either riboflavin or glycine) and cells were incubated overnight under anoxic conditions. Subsequently, the beads were washed twice in anoxic medium lacking electron donor and acceptor using a magnetic separator. The binding of cells was assessed qualitatively under the microscope.

Statistical Analysis
--------------------

Significance of the data was determined via Welch Two Sample *T*-test and *F*-test. All data sets were normally distributed. The level of significance was set to 5%.

Flow Cell Experiments and Electrochemical Impedance Spectroscopy (EIS)
----------------------------------------------------------------------

Experiments in the impedance flow cell were performed according to [@B30] in a previously described flow cell (40). The flow cell was modified by the addition of an Ag/AgCl reference electrode (RE-3VT, ALS, Tokyo, Japan) and assembled under sterile conditions. Sterile Na~2~SO~4~ \[electrolyte counter electrode (CE)\] and lactate containing medium \[LM, for working electrode (WE)\] were filled into the respective half-cell chambers. The flow cells were tempered under an incubation hood to 30°C and the solutions were pumped through the flow cell by a peristaltic pump. The WE solution was flushed with N~2~ with a flow rate of 5 mL min^-1^ in order to ensure anoxic conditions in the WE chamber. The polarization and EIS routines were subsequently started.

A potential (E) of -199 mV vs. Ag/AgCl (0 mV vs. SHE) was applied to the indium tin oxide (ITO) WE and EIS was measured with a potentiostat (Reference 600, Gamry Instruments, United States).

The frequency (f) range varied between 100 kHz and 50 mHz with an amplitude (U) of 10 mV rms and 10 points per decade. Polarization of the WE was started prior to the addition of bacteria to an OD~600~ of 0.1. Beads were added simultaneously to the cells to the WE chamber. Similar to the bacteria the beads were circulated between the flow cell and WE chamber reservoir. EIS measurements were performed after 24 h of incubation.

Fluorescence Microscopy
-----------------------

Microscopic images of cells growing on the ITO WE were taken 24 h after inoculation. Samples were viewed on a Leica DM 5500B and images were taken with a Leica DFC 360 FX camera and the corresponding Leica LAS AF Lite software. Pumping was paused during image acquisition to prevent image disturbance by the peristaltic pump.

Results
=======

Effect of Riboflavin Coupled Magnetic Beads on Current Production
-----------------------------------------------------------------

The aim of this study was to evaluate the possibility to increase current densities in BESs using riboflavin-coupled magnetic beads. To find a suitable working concentration, the effect of a low riboflavin concentration (as a free, soluble compound) on current production in a BES inoculated with MR-1 was tested first. Current was monitored over time and the average current density was compared after 46 h. Without the addition of riboflavin, the cells produced an average current density of 3.1 (±0.28) μA/cm^2^. The addition of 37 nM riboflavin enhanced current density 6.5-fold and resulted in 20.1 (±2.05) μA/cm^2^ ([Figure 1](#F1){ref-type="fig"}). A 50-fold higher shuttle concentration resulted in a linear increase of the current density, but for economic reasons we chose 37 nM riboflavin as suitable working concentration for further experiments.

![The effect of direct riboflavin addition on average current density in BES with 0, 37, and 1850 nM riboflavin. Error bars represent the standard deviations from means of samples taken in independent triplicates.](fmicb-10-00126-g001){#F1}

The next step was to transfer the effect of soluble riboflavin on the current density to a recyclable shuttle that can be extracted easily from the medium. Therefore, riboflavin was coupled to magnetic beads via organic spacers of different chain lengths: short (C4), medium (C11), and long (C40). The number of C-atoms in the spacer had a strong impact on the current density in the BES ([Figure 2](#F2){ref-type="fig"}). Short spacers resulted in the highest current densities \[7.5 ( ± 0.76) μA/cm^2^\]. With increasing number of C-atoms between riboflavin and the magnetic beads, the current production dropped. Medium spacers exhibited a current of 4.6 (±0.22) μA/cm^2^ and long spacers of 3.1 ± 0.31 μA/cm^2^. Glycine-coupled beads served as control and produced a slightly higher amount of current compared to the experiment without addition of riboflavin or magnetic beads (4.6 ± 0.47 μA/cm^2^). With short spacers, addition of riboflavin-coupled beads to the anodic chamber resulted in a 2.4-fold increase of the average current density compared to experiment without magnetic beads, whereas the glycine-coupled control only led to a minor increase (1.4-fold).

![Impact of riboflavin coupled beads on current density in BES. Three different linker molecules characterized by short (C4), medium (C11), and long (C40) chain length were placed between beads and the riboflavin molecule. The control experiment was conducted without addition of riboflavin or magnetic beads; C4/C11/C40 represent the addition of riboflavin-coupled beads with the respective linker chain lengths; glycine instead of a riboflavin molecule was added to the C4 linker in the glycine-coupled control beads. The concentration of riboflavin was 37 nM in all experiments. **(A)** Current density over 46 h. Error bars represent the standard deviations from means of samples taken in independent triplicates. **(B)** Average current density after 46 h of operation. Error bars represent the standard deviations from means of samples taken in independent triplicates.](fmicb-10-00126-g002){#F2}

We also analyzed the recovery rate and riboflavin concentration of all beads after the experiment and could measure for all setups very good recovery efficiencies of up to 90% ([Figure 3](#F3){ref-type="fig"}). The stability of the riboflavin-coupled beads was analyzed via BES experiments in which the beads were recycled from the anode compartment and then reused in a fresh BES setup. The experiment was repeated three times and no significant change in the current density could be detected (data not shown).

![Recovery efficiencies of the beads and riboflavin content before and after batch experiments. C4/C11/C40 represent riboflavin-coupled beads with the respective chain lengths. Gray bars show the normalization to the beads number, striped bars to riboflavin content before the experiment and after the recovery process. Error bars represent the standard deviations from means of samples taken in independent triplicates.](fmicb-10-00126-g003){#F3}

Riboflavin Coupling Does Not Lead to Robust Binding of Cells to Beads
---------------------------------------------------------------------

From the previous results, we were interested, if riboflavin coupled to the beads binds to OMCs as cofactor. We compared MR-1 cells with a mutant, which is lacking all OMCs (ΔOMC) and added beads coupled to riboflavin and glycine, respectively. Cells were transferred from an oxic to an anoxic environment and beads were harvested after 15 h of incubation. In OMCs, the binding pocket for riboflavin is oxygen sensitive and closed under anoxic conditions ([@B12]), so that a binding between riboflavin and OMCs should result in a co-elution of cells with the beads. However, microscopic analysis of all preparations exhibited no differences between wild type and ΔOMC cells (data not shown), which indicates that at least under the chosen conditions riboflavin does not seem to bind to the OMCs.

Riboflavin Has a Pronounced Effect on Cell Distribution in BESs
---------------------------------------------------------------

We compared total cell numbers in the different experiments and quantified the number of planktonic vs. anode-attached cells to investigate the effect of riboflavin and magnetic beads on the cell distribution in the anode chamber in further detail. Therefore, qPCR analysis was conducted to quantify the number of planktonic and biofilm-attached cells in the BES containing soluble riboflavin, riboflavin coupled to C4-beads and glycine-coupled control beads ([Figure 4](#F4){ref-type="fig"}). In BES without the addition of beads, the number of planktonic cells was comparable both with and without riboflavin. On the anode, the cell number increased significantly (*p* = 0.021) and 6.3-fold more cells could be detected compared to BES without the addition of riboflavin. Of note, this correlates well with the measured current increase. Adding riboflavin-coupled beads to the BES also influences the distribution of the cells. As seen with riboflavin as soluble compound, significantly more cells attached to the anode (*p* = 0.042), whereas with glycine-coupled beads cell adhesion was positively affected but with rather high standard deviations which rendered this effect to be not significant (*p* = 0.277). Again, the increase in anode attached cells correlates roughly with the stimulating effect of the beads on current production. Therefore, it can be assumed that there is a correlation of cells on the anode and current production and that this correlation is driven by riboflavin (either coupled to beads or as free compound), whereas the beads *per se* affect biofilm growth at least not as robustly.

![Comparison of the total cell number determined via qPCR in BES with the addition of riboflavin, glycine-coupled control beads and riboflavin-coupled beads with a linker length of 4 carbon atoms. The riboflavin-coupled beads were added so that the overall riboflavin concentration was equal to the experiment with free riboflavin (37 nM). The control experiment was conducted without addition of riboflavin or magnetic beads. Gray bars indicate planktonic cells; striped bars biofilm cells. Error bars represent the standard deviations from means of samples taken in independent triplicates.](fmicb-10-00126-g004){#F4}

Following the Effect of Riboflavin-Coupled Beads in Flow Cells
--------------------------------------------------------------

Continues flow BES experiments with a transparent ITO WE was performed to investigate the impedance of the biofilm and image it with fluorescence microscopy. The flow cells were incubated under potentiostatic conditions for 24 h after which EIS and fluorescence microscopy analyses were performed. In general, the data reveal a decrease of the total impedance of the BES with the addition of the beads as can be seen in both the Nyquist and Bode plots ([Figure 5A,B](#F5){ref-type="fig"}). Both glycine- and riboflavin-coupled beads show almost identical trends in the Nyquist plot. The addition of glycine-coupled beads decreased the charge transfer resistance (i.e., R~CT~) from 164.7 kΩ (±19.1) in the control BES (without beads addition) to 74.8 kΩ (±11.6) and a relatively similar decrease in the R~CT~ was also observed after the addition of riboflavin-coupled beads \[78.4 kΩ (±21.4)\]. Fluorescence imaging was performed in order to illustrate the influence of the beads on the biofilm formation of MR-1 in the flow cell. Microscopic images taken in the flow cell ([Figure 5C](#F5){ref-type="fig"}) show that the beads increase the attachment of the cells to the anode surface. As can be seen, even the addition of glycine-coupled beads leads to an increased GFP signal on the ITO WE. Furthermore, magnetic beads coupled with riboflavin gave an even higher fluorescence signal, indicating a promoting effect on the biofilm formation under anode respiring conditions.

![Flow cell experiment results. **(A)** Nyquist presentation of EIS measurements after 24 h of flow cell operation. **(B)** Bode plot and phase angle of the EIS measurements of flow cells without beads, with glycine-coupled beads, and with riboflavin-coupled beads. In both plots **(A,B)**, flow cells without beads are depicted in gray squares, flow cells with glycine-coupled control beads in orange circles, and flow cells with riboflavin-coupled beads in blue triangles. Points represent average values of independent triplicates; arrows indicate the corresponding axis. The inset in **(A)** shows an equivalent electrical circuit for the BES flow cell; R~CT~: charge transfer resistance; R~U~: solution resistance; CPE~DL~: double layer constant phase element. **(C)** Fluorescence microscopy images of *gfp*-expressing MR-1 on ITO glass anodes in experiments without beads (1), with glycine-coupled control beads (2) and with riboflavin-coupled beads (3) after 24 h of incubation. Circular areas without cells are due to the position of magnetic beads. The scale bar indicates 25 μm.](fmicb-10-00126-g005){#F5}

Discussion
==========

In this study, an increased current density in MR-1-inoculated BESs was achieved by adding a recyclable electron shuttle composed of riboflavin-coupled magnetic beads. From an applied point of view the concentration of endogenous shuttles is usually rather low and exogenous addition of it is expensive and in some cases even environmentally toxic ([@B27]). Additionally, permanent washout takes place in continuous cultivation systems. Hence, a shuttle that can be recycled as the here presented riboflavin-coupled magnetic beads would be advantageous.

In previous studies, shuttles were either added to the medium or produced endogenously by microorganisms. However, in all flow through experiments, the redox mediator has to be added continuously to avoid performance decrease due to washout. Using riboflavin-coupled magnetic beads, the beneficial effect of riboflavin can be recovered by magnetic separation and recycled with very good recovery efficiencies of up to 90%. This makes the process of adding bead-coupled riboflavin to BES much more sustainable, efficient and economical compared to the external addition or endogenous overproduction of the soluble compound.

The conducted experiments revealed a correlation between the increase of current and the number of cells on the anode for both free and bead-coupled riboflavin. Hence, the effect of riboflavin on current production is not necessarily due to a shuttling effect or its role as cofactor but could also be the result of a general biofilm promoting effect. These results are corroborated by a study from [@B2] in which the authors could show that biofilm thickness of MR-1 on anodes can be increased by the addition of riboflavin. Interestingly, it does not seem to be necessary that the riboflavin is freely diffusible as the effect was detected also with riboflavin coupled to beads with a diameter of 25 μm. Still, the effect of riboflavin on biofilm and current production was higher when it was added in its free form. A possible factor for this might be that riboflavin coupled to the beads is not as accessible as the free compound. This limited accessibility might also be the reason, why we could not detect a binding of cells to the beads as a result of outer membrane cytochrome expression.

Impedance spectroscopy revealed that the addition of beads decreases the impedance by more than 50%. This decrease is mostly connected to the charge transfer resistance which is seen in the Nyquist plot as the beginning of a classical charge transfer semi-circle. The coupling of riboflavin (i.e., electroactive) or glycine (i.e., non-electroactive) did not show any significant difference in the charge transfer resistance. Since the beads are made out of iron oxide and covered by a presumably permeable agarose coating, it is possible that they are conductive themselves and can reduce the resistance of the anode by acting as an extension of the electrode, thereby extending the electroactive surface area and lowering the overall impedance. In this case, the covalently attached compound (riboflavin and glycine, respectively) does not seem to affect the electrochemical properties of the bioanode. However, the microscopic images indicate an increased biofilm production caused by the addition of beads to the system and regarding biofilm density, riboflavin-coupled beads clearly outperform glycine-coupled ones. This enhanced cell density is reflected in the qPCR data, where riboflavin-coupled beads also exhibits a boosting effect on the number of anode-attached cells.

Conclusion
==========

It is possible that the effect of the beads on a BES is dual: an improved conductivity leads to decreased resistance and by this more effective EET and current production, and (as stated above) riboflavin itself not only influences the electron transfer to the anode but also plays a role in biofilm production and/or formation.
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